Pathogenic bacteria induce eukaryotic cell damage which range from discrete modifications 14 of signalling pathways, to morphological alterations and even to cell death. Accurate 15 quantitative detection of these events is necessary for studying host-pathogen interactions and 16 for developing strategies to protect host organisms from bacterial infections. Investigation of 17 morphological changes is cumbersome and not adapted to high-throughput and kinetics 18 measurements. Here, we describe a simple and cost-effective method based on automated 19 analysis of live cells with stained nuclei, which allows real-time quantification of bacteria-20 induced eukaryotic cell damage at single-cell resolution. We demonstrate that this automated 21 high-throughput microscopy approach permits screening of libraries composed of 22 interference-RNA, bacterial strains, antibodies and chemical compounds in ex vivo infection 23 settings. The use of fluorescently-labelled bacteria enables the concomitant detection of 24 changes in bacterial growth. Using this method named CLIQ-BID (Cell Live Imaging 25 Quantification of Bacteria Induced Damage), we were able to distinguish the virulence 26 profiles of different pathogenic bacterial species and clinical strains. 27 Independent of their route, toxins induce modifications of cell morphology and/or provoke 31 host-cell death. For example, the Anthrax Lethal Toxin (LT) is able to provoke pyroptosis or 32 apoptosis, depending on the cell type and the LT concentration. Furthermore, at sub-lethal 33 concentrations, it induces modification of the cytoskeleton and alters the distribution of 34 junction proteins in endothelial and epithelial cells 1 . In Gram-negative bacteria, Type Three 35 Secretion System (T3SS) toxins hijack eukaryotic signalling pathways, leading to damage 36 ranging from modifications of the normal cytoskeleton function, to cell death, depending on 37 the cell type and the toxin 2 .
INTRODUCTION 28
Bacterial toxins targeting eukaryotic cells can either directly affect plasma membrane 29 integrity or alternatively they may be internalized, translocated or injected inside the cells. We then focused our analysis on HUVECs which are particularly relevant because they are 126 primary human cells, forming a polarized monolayer. The action of P. aeruginosa on 127 HUVECs have been extensively studied by cellular biology and the morphological changes 128 observed during infection have been described by microscopy approaches 9,11-15 . Furthermore, 129 a "cell area" assay based on the quantification of fixed cells' area by immunofluorescence 130 staining was previously reported 9,14 . Therefore, we investigated how the CLIQ-BID method 131 compares to the previously published method which is based on immunofluorescence cell the correlation coefficient between the readouts of the image pairs was 0.96. However, the 143 standard deviations were much lower for the percentage of bright nuclei than for the cell area 144 (Figure 3b ). 145 In order to confirm that the CLIQ-BID method reduces the variation between individual data 146 points, the comparison experiment was repeated with two modifications: i) the number of 147 replicate wells was set to 30 per condition and ii) the HUVECs were infected for 3 hours 148 either with a wild-type P. aeruginosa strain or the pscF strain, which is unable to produce 149 the T3SS toxin injection needle and is therefore deficient for a functional T3SS. This 150 8 experiment substantiated that the CLIQ-BID method produces more robust and discriminant 151 results with a Z'-factor equal to 0.89 versus 0.14 for the cell area method ( Supplementary   152   Table S2 ).
153
The high Z'-factor obtained with the CLIQ-BID method indicated that it is well-suited for 154 high throughput screening. To further examine this possibility, cell infections with wild-type 155 or pscF P. aeruginosa strains were compared in 96-and 384-well plates. The live-imaging 156 monitoring of nuclei intensities allowed the obtaining of reproducible kinetics curves in the 48 157 replicates ( Supplementary Fig. S2 ). Indeed, the Z'-factor values obtained by comparing the 158 wild-type and the T3SS deficient strains were close to or above 0.9 for both plate formats.
159
Importantly, an additional 384-well plate was inoculated with overnight P. aeruginosa 160 cultures, as opposed to exponential phase cultures, which is currently used to detect T3SS 161 activity ( Supplementary Fig. S2 ). The removal of the subculture step significantly reduces the 162 handling procedure in the perspective of bacteria or molecule library screens. Despite higher 163 variation than with exponential cultures, the Z'-factor displayed values close to 0.8, higher 164 than the gold-standard of 0.7 above which a library could be screened in a single replicate 165 with an acceptable risk of false-positives and -negatives. Taken together, these results indicate 166 that the newly-developed CLIQ-BID method is adapted for HTS strategies.
167
In the search for a global descriptor of each kinetics plot, the Area Under the Curve (AUC) 168 was selected. As expected, large differences were observed between AUC obtained from 169 wells infected with wild-type or T3SS deficient strains ( Supplementary Fig. S3 ). Indeed, the 170 statistical analysis showed that the AUC can robustly discriminate between infections by 171 these two strains, with Z'-factor values of 0.77 and 0.63 in 96-and 384-well plates, 172 respectively ( Supplementary Table S3 ). Bright nuclei detection enables potent screening strategies 175 Considering the encouraging results, the potential of the method to screen for inhibitors of 176 bacteria-induced cell damage was further investigated on a panel of molecules. In this proof-177 of-concept experiment, compounds targeting the bacteria or the eukaryotic cells were tested, 178 along with siRNA. A major improvement was also made with the use of bacteria were subsequently infected. From the 18 tested siRNAs, some had no effect while some 201 exhibited promoting or inhibiting activities (Fig. 4e ). The validation and the biological 202 investigation of the role of their targets are beyond the scope of this work.
203
Observing the effect of a particular treatment on bacteria growth ( Fig. 4b, d , f) allowed the 204 determination as to whether any virulence inhibition was related to an antibiotic effect. the Serratia marcescens strain expressing the ShlA toxin 24 homolog to ExlA was as active as 222 the PP34 strain, while the isogenic mutant strain that has a transposon inserted into the shlB 223 gene 25 , did not induce the appearance of bright nuclei. In Staphylococcus aureus, the 8325-4 224 strain exhibited lower effects than the closely related USA300 BEZIER and SF8300 strains, 225 both from the USA300 lineage known to be highly virulent 26 . This workflow was also 226 successful in detecting cellular damage caused by Yersinia enterocolitica, which correlated 227 with its T3SS since the mutant depleted of T3SS toxins exhibited a significantly lower The new high-throughput image analysis strategy described in this work exhibits great 248 potential for monitoring cell damage induced by bacteria, as well as by other mechanisms. Indeed the Z'-factor values obtained in different assay configurations were often above 0.8.
266
This statistical descriptor reflects the quality of a screening method, i.e. its ability to identify 267 "hits" 10 . Screening of libraries are undertaken only if the Z'-factor is above 0.6 and a value 268 above 0.7 is considered to be fully satisfactory. The elevated Z'-factor value obtained in 384- molecules that could target early or late events in the bacteria or the host.
279
In addition, the simultaneous quantification of GFP-expressing bacteria allows one to counter-280 screen, in the same test, for bacteriostatic/bactericidal activities. Moreover, the same CLIQ-281 BID method can be used in the absence of bacteria to detect the potential deleterious effects 282 of screened compounds. Therefore, this method can be the basis of a powerful 3-in-1 283 approach to rapidly identify treatments inhibiting bacteria virulence without affecting their 284 growth capacities or the eukaryotic cells' integrity. This is of particular interest since the 285 search for antivirulence treatments is receiving growing attention because they are thought to 286 reduce the risk of resistance emergence and microbiome destabilization 32,33 .
287
The increasing accessibility to HCS/HCA equipment, with the help of the simple and cost- To evaluate the quality of the assay and its ability to identify "hits", the Z'-factor was 381 calculated using the following equation, as described by Zhang et al 10 : In figure legends, n represents the number of well replicates.
391
Curve fitting was done with SigmaPlot 12.5 using the following equation: 
